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Abstract

Surface area is a key parameter for porous metals for electrode applications. Here we measured the
electroactive surface area of porous nickel samples using the cyclic voltammetry peak current and peak
charge methods. The peak current method measures the contributions from primary pores, while the
peak charge method measures the contributions from both primary and secondary pores. The
electroactive surface area measured by both methods decreases with normalised diffusion layer
thickness. It follows the semi-infinite model at low normalised diffusion layer thicknesses (<0.35) and
the thin-layer model at high normalised diffusion layer thickness (>0.35). The correcting factors
obtained from the semi-infinite model provide quantitative information on the pore surface roughness
and the secondary porosity contribution. The surface roughness of the samples produced by Lost
Carbonate Sintering is 2.15. The relative contribution of secondary porosity depends on the type of
porous nickel and increases with scan rate, due to reduced diffusion layer thickness. It is in the range of
0.14-0.3 for the samples produced by Lost Carbonate Sintering and loose sintering, and 0.02-0.05 for
the sample produced by electrodeposition, for scan rates in the range of 0.005-0.05 V/s.
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1. Introduction

The use of porous metals as electrodes or current collectors in energy generation is growing because of
their large specific surface area, high mass transfer coefficient and good conductivity [1-5]. Lu and
Zhao [6] developed a high-efficiency nickel-iron electrode for water splitting by electrodeposition on
a porous Ni matrix. Yang et al [7] reported that porous Ni with Ni(OH), electrodeposited on the surface
had a very high specific capacitance. More recently, Fly et al [8, 9] applied porous Ni as flow-fields in
polymer exchange membrane fuel cells, resulting in highly improved performance compared to
conventional designs. The specific electroactive surface area of porous metals is a key parameter for
electrode applications because it determines the amount of reaction site, which in turn determines the
rate of chemical reaction and energy generation [10].

Cyclic voltammetry (CV) is one of the most effective electrochemical techniques and has been used for
determining the surface area of porous materials [11-14]. Diao et al [11] developed a CV peak current
method to measure the electroactive surface area of porous copper, based on the linear relation between
peak current and the electroactive surface area. They first measured the peak currents of a series of
mirror-polished copper plates with known areas. They then measured the peak current of a porous
copper sample under the same experimental condition and determined the electroactive surface area
from the area-current relation established from the copper plates. Zhu and Zhao [15] further studied the
effects of porous structure and morphology on the electroactive surface area of porous copper
manufactured by the Lost Carbonate Sintering (LCS) process. The electroactive surface area measured
by the peak current method was found to be affected by copper particle size, sintering temperature and
chemical etching, in addition to pore size and porosity. It was particularly sensitive to the diffusion
layer thickness, which is a function of scan rate. The electroactive surface area nearly doubled when the
diffusion layer was decreased from 50 umto 1 pm [15].

The CV peak current method has some limitations as a surface area measurement technique. It
essentially measures the area of the outer contour of the diffusion layer and therefore mainly includes
the surface area of large pores and fails to capture the features smaller than the diffusion layer, e.g.,
small voids in the pore walls [15, 16]. Furthermore, the quantitative relation between surface area and
peak current is based on semi-infinite diffusion. If the large pores in the samples are smaller than the
diffusion layer, thin-layer diffusion becomes dominant and the relation established from solid plates is
no longer applicable to porous samples [12, 16-18]. Although the diffusion layer thickness can be
reduced by increasing the scan rate to improve the accuracy of measurement, it is practically difficult
to use a scan rate above 0.1 V/s, because the effect of electrolyte resistance will become significant at
such a high scan rate.

Tan et al [19] applied a CV peak charge method to the measurement of the electroactive surface area
of nano-porous gold samples. The peak charge method measures the accumulative charge transferred
to the porous electrode up to the peak current (termed peak charge). The peak charge can be obtained
by integrating the current-time plot from the start of the potential sweep to the time when peak current
is reached. With a known specific charge equivalent, i.e. the amount of charge per unit surface area, the
electroactive surface area of the samples can be determined from the peak charge. Tan et al [19]
assumed a constant specific charge equivalent independent of scan rate. The electroactive surface area
of the nano-porous gold samples, obtained using this constant specific charge equivalent, decreased
with scan rate. This is contrary to the current understanding that a higher scan rate results in a thinner
diffusion layer and therefore a larger electroactive surface area [11, 15], indicating that their method
was flawed. In fact, the specific charge equivalent is not a constant and it depends on the scan rate
applied. Some modifications are necessary to make the peak charge method a reliable technique for
surface area measurements.

Compared with the peak current method, the peak charge method can potentially provide more
information [19-21]. It measures surface areas contributing to the electrochemical reaction over the
potential sweep from zero up to the point of peak current, while the peak current method measures a
single surface area when equilibrium is reached and a stable diffusion layer is established. However,
the difference in the electroactive surface areas measured by these two methods has not been clearly
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interpreted. The different manifestations of the architecture of the porous structure in the two methods
are not well understood.

In this paper, we improved the CV peak charge method, taking into account the effect of scan rate on
the specific charge equivalent. We measured the electroactive surface area of three types of porous
nickel samples, produced by the LCS, loose sintering and electrodeposition processes, using both the
peak current and peak charge methods. We studied how diffusion layer thickness and pore size affect
the electroactive surface areas measured by these two methods. Combining these two methods, we are
able to differentiate the effects of finer details of the porous structure, namely surface roughness and
secondary porosity, on the electroactive surface areas in these two methods. This new approach provides
a useful technique to study the porous structure of porous metals, especially those produced by powder
metallurgy based methods, at different length scales.

2. Experimental
2.1 Preparation of porous Ni samples

A series of porous Ni samples with three pore size ranges, 250-425 pm, 425-710 um and 710-1000 um,
and various porosities in the range of 0.53-0.77 were fabricated by the LCS process [22, 23]. The raw
materials used to produce the samples were commercially pure spherical Ni powder (Tianjiu Industrial
Technology Development Ltd., Changsha, China) with a mean particles size of 25 pm and food grade
K2CO; powder (E&E Ltd., Melbourne, Australia) with particle sizes in the range of 250-1500 um. The
K2COs; powder was sieved into three different particle size ranges: 250-425 um, 425-710 um and 710-
1000 um. The Ni and K,CO3 powders were mixed with a pre-specified volume ratio according to the
intended porosity, followed by compaction at 200 MPa and sintering at 950 °C for 2 hours. The as-
produced porous Ni samples were cut into cylindrical specimens, 6 mm in diameter and 5 mm in
thickness, by an electrical discharge machine (Prima E250, ONA Ltd., Bristol, UK). The microstructure
of the LCS porous Ni samples is composed of interconnected open pores distributed in a Ni matrix
formed by sintered Ni particles (Fig. 1a). The pores have the same shapes and sizes as the K,COs3
particles used.

In order to study the effect of pore morphology on the surface area measurements, two additional porous
Ni samples produced by different manufacturing methods were also used. One sample was
manufactured by loose sintering of a spherical Ni powder with a mean particle size of 75 um with no
additives, at 950°C for 2 hours. The sample was cut into a 6.1 mm x 6.0 mm x 3.8 mm cuboid. Its
microstructure is composed of sintered Ni particles containing small voids between the Ni particles with
a pore size in the order of 10 um and a porosity of 0.50 (Fig. 1b). Another sample was obtained from a
commercial supplier. It was manufactured by electrodeposition of Ni onto a polymer foam followed by
burn-off of the polymer substrate. The sample was cut into a 6.0 mm x 6.0 mm x 1.7 mm cuboid. It has
a high porosity of 0.98 and its microstructure is composed of a network of Ni ligaments with polyhedron
cells in the order of 500 um (Fig. 1c). The cells can hardly be treated as pores, because of the lack of
cell walls. For comparison purposes, the sample can be regarded as having a very large pore size.



Fig. 1 SEM micrographs of the porous Ni samples manufactured by (a) LCS, (b) loose sintering and (c)
electrodeposition processes.

2.2 Preparation of solid Ni plates for calibration

Six solid Ni plates with different exposed surface areas of 1.77, 4.90, 7.84, 10.40, 12.80 and 17.30 mm?

were used to establish the quantitative relations between electroactive surface area and peak

current/peak charge. The Ni plates were ground by silicon carbide papers (from grades 120, 600 to 1200)
and then polished by 0.04 um silk-type cloth pad to a mirror finish before peak current and peak charge

measurements. Because of the mirror quality surface finish, the exposed geometric surface areas can be

regarded as their electroactive surface areas.

2.3 Pre-treatments

Before electrochemical measurements, the porous and solid Ni specimens were first washed by 10%
HCI solution to remove the oxides on the surface and then rinsed in distilled water. Before being
transferred to the electrochemical cell, the porous specimens were placed in an agitated sacrificial
electrolyte solution to improve the infiltration of electrolyte in the pores.

2.4 Measurements by CV peak current method

A three-electrode electrochemical cell was employed for measuring the electroactive surface area of the
porous Ni specimens (for experimental setup details see [11, 15]). A saturated calomel electrode (SCE)
reference electrode and a Pt counter electrode (coil for porous specimens or plate for solid specimens)
were used, while the porous Ni or solid Ni plate specimen served as the working electrode. The



electrolyte was 1 mM KasFe(CN)s in 0.1 M KOH solution (all chemicals from Sigma Aldrich without
further purification). The oxidation reaction of ferrocyanide on the working electrode surface is:

oxidation

[Fe(CN)g]*™ ——— [Fe(CN)¢]>~ +e ey

This reaction is controlled by the diffusion of ferrocyanide ions and has a good reversibility on a Ni
surface [24]. Therefore, the peak current is proportional to the electroactive surface area of the working
electrode and can be expressed by the Randles-Sevcik equation [25]:

3 1 1
I, = 268600n2ADzCv> 2

where I, (A) is the peak current, n is the number of electrons transferred in the redox reaction (n =1
here), A (cm?) is the electroactive surface area, D (cm?/s) is the diffusion coefficient (6x10° for
[Fe(CN)s]™* [12]), C (mol/cm?d) is the concentration of the reaction species in the electrolyte (10 for
[Fe(CN)e]™ here) and v (V/s) is the scan rate.

Fig. 2a shows a typical current-potential plot for a LCS porous Ni sample. The current-potential plots
for the other porous and solid Ni specimens have similar shapes as that in Fig. 2a. Fig. 2b shows the
relations between the peak current and surface area for the solid nickel specimens at three different scan
rates, 0.005 V/s, 0.01 V/s and 0.05 V/s. It is shown that the experimental results agree very well with
the theoretical predictions from the Randles-Sevcik equation. Assuming that the Randles-Sevcik
equation also applies to porous Ni samples, the electroactive surface areas of the porous Ni specimens
can be directly calculated using Eq. (2) from the peak currents determined from the current-potential
plots.
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Fig. 2 (a) A typical current-potential plot of the oxidation of ferrocyanide on the surface of a LCS porous
Ni sample. (b) Relations between peak current and surface area for solid Ni plates at different scan rates.

2.5 Measurements by CV peak charge method

The same experimental setup and conditions as above were employed in the measurements by the CV
peak charge method. For each porous or solid Ni specimen, the current-time plot for the oxidation of
ferrocyanide on the working electrode surface, as shown in Fig. 3a, was obtained. The peak charge is
the accumulative charge transferred to the electrode before the peak current is reached. It was obtained
by integrating current from the start of the potential sweep to the time when peak current was reached
and is shown schematically by the hatch area in Fig. 3a.

The relations between peak charge and surface area for the solid Ni specimens at different scan rates
are shown in Fig. 3b. It is shown that peak charge is directly proportional to the surface area. The
specific charge equivalents, i.e., the peak charge generated per unit surface area [19], are 645.12, 421.95
and 190.97 uC/cm? at scan rates of 0.005, 0.01 and 0.05 V/s, respectively. Assuming that the same
relations between peak charge and surface area also apply to porous Ni samples, the electroactive
surface areas of the porous Ni specimens can be calculated from the peak charge values using the
specific charge equivalents obtained from solid Ni specimens.



The peak charge can also be calculated theoretically from the consumption of the ferrocyanide in the
electrolyte, which can be estimated by:

Q = FASC 3)

where, F is Faraday’s constant, A is the electroactive surface area, o is the thickness of the Nernst
diffusion layer corresponding to the peak current and C is the concentration of the reaction species in
the electrolyte.

The Nernst diffusion layer is the region near the working electrode where the concentration of the
electroactive species increases linearly from zero at the working electrode to the bulk concentration
of the electrolyte. The diffusion layer thickness at the point of peak current is expressed by [26, 27]:

_ NFADC

6 4)

Ip
Substituting Eq. (2) into Eq. (4), the Nernst diffusion layer thicknesses at scan rates of 0.005, 0.01 and
0.05 V/s are calculated to be 125, 88 and 39 um, respectively.

Eq. (3) can be re-arranged to give the specific charge equivalent, i.e., the amount of charge per unit
surface area (Q/A), as:

Qeq =5 FSC ®)

The specific charge equivalent, Qeq, is a function of the Nernst diffusion layer thickness, which varies
with scan rate.

The theoretical relations between peak charge and surface area calculated from Eq. 3 for the solid Ni
specimens are also shown in Fig. 3b. It is shown that the experimental and theoretical relations agree
very well with each other for solid Ni specimens with a flat surface. Therefore, the specific charge
equivalents for different scan rates, either calculated from Eq. (5) or determined experimentally from
flat solid specimens, can be used to calculate electroactive surface areas of porous samples from peak
charges.
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Fig. 3 (a) A typical current-time plot for the oxidation of ferrocyanide on the surface of a LCS porous
Ni sample. (b) Experimental and theoretical relations between peak charge and surface area for solid
Ni specimens at scan rates of 0.005, 0.01 and 0.05 V/s.

3. Results and Discussion
3.1 Comparison between A and Ag

The volumetric electroactive surface areas obtained by both the peak current and peak charge methods
for all the porous Ni samples tested, as well as their pore size and porosity values, are listed in Table
1. Volumetric electroactive surface area, i.e., area per unit volume of porous specimen, is used here to
facilitate comparison between different samples. The volumetric electroactive surface areas measured
by the CV peak current method, A, of the porous Ni specimens are in the range of 27-125 cm™. A,
increases with porosity and scan rate but decreases with pore size, in agreement with the previous
results for porous Cu manufactured by the LCS process [11, 15]. The volumetric electroactive surface
areas measured by the CV peak charge method, Aq, of the porous Ni specimens are in the range of 34-
167 cm. For each porous Ni specimen, Aq is 10-30% greater than A,.



Table 1. Volumetric geometric and electroactive surface areas of porous Ni specimens with different
pore sizes and porosities

Pore 2 Al (cm™) Ag (cm™)
Process S1ze Porosity ‘) T0.005 001 005 0005 00l  0.05
(um) V/s V/s V/s V/s V/s V/s
Loose ~10 0.50 - 308 388 661 359 494 929
Sintering
053 60 401 510 773 512 697 1029
060 73 382 491 823 503 807 1219
250475 062 77 436 580 920 563  69.8 122.9
067 8 526 714 1189 668 860 151.9
072 92 548 765 1261 610 919 1448
077 100 551 771 1251 67.9 865 166.7
058 46 375 465 684 467 683 951
062 51 430 541 844 464 708 123.0
065 54 394 517 812 440 651 1086
LCS 45710 0eg 57 398 512 805 462 604 1082
072 60 483 620 924 551 732 116.9
077 64 573 729 1007 555 840 1262
058 30 268 340 516 341 460 864
060 32 315 409 567 348 543 790
01000 069 40 369 470 729 395 527 945
066 38 353 434 621 360 544 878
074 42 421 524 774 395 559 952
075 42 435 535 783 416 566 1047
dE'eCt.rF" - 0.98 - 1028 1114 1125 1049 1154 117.3
eposmon

Fig. 4 shows the relationship between Aq and Ai. Ag is approximately proportional to A, for all the
porous Ni specimens. For the LCS and loose sintered specimens, Aq is greater than A, by
approximately 14%, 22% and 30% when the scan rates were 0.005, 0.01 and 0.05 V/s, respectively.
For the electrodeposited specimen, Aqg is greater than A, by only about 2%, 3% and 4%, corresponding
to the scan rates of 0.005, 0.01 and 0.05 V/s. The difference between Ag and A, and the influence of
scan rate on the difference can be explained by the porous structure and the effect of diffusion layer
thickness.

The electroactive surface area measured by the CV peak charge method is slightly larger than and
linearly proportional to the electroactive surface area measured by the CV peak current method. It is
because the CV peak current method and the peak charge method measure different electroactive
surface areas. The former one measures the electroactive surface area at a particular potential when
the Nernst diffusion layer is formed. The electroactive surface area measured by the CV peak current
method, A, is expected as the contour of the Nernst diffusion layer thickness [15]. For the LCS porous
Ni, the size of primary pores is larger than the Nernst diffusion layer thickness and the size of
secondary pores is much smaller than the Nernst diffusion layer thickness, so the Nernst diffusion
layer only exits within primary pores. Therefore, the electroactive area measured by the CV peak
current method includes the surface area of primary pores only and excludes the surface area of
secondary pores. The CV peak charge method measures the electroactive surface area in a period from
the time when diffusion layer first appears to the time when the full Nernst diffusion layer is formed.
When the diffusion layer thickness is extremely thin, not only the primary pores but also the secondary
pores can be detected by the peak charge method. Therefore, the electroactive surface area measured
by the CV peak charge method includes the contributions from both primary pores and secondary
pores. The linear proportionality coefficient between A, and Ag increases from 1.14 to 1.22 and further



to 1.30 when the scan rate increases from 0.005 to 0.01 and further to 0.05 V/s, respectively. This is
because the contribution of secondary pores increases with increasing scan rate, which will be
discussed in Section 3.3.
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Fig. 4 Relations between the electroactive surface areas measured by the CV peak current method and
the CV peak charge method at different scan rates 0.005, 0.01 and 0.05 V/s. (hollow: LCS; solid fill:
loose sintered; half solid fill: electrodeposition)

3.2 Effect of diffusion layer thickness with respect to pore size

Fig. 5 shows the ratios of the electroactive surface areas, A; and Ao, to the geometric surface area (Ac)
as a function of the diffusion layer thickness () with respect to pore radius (R), for the porous Ni
samples produced by the LCS process. The geometric surface area of the porous Ni samples was
measured by the quantitative stereology method as described in [11], and is listed in Table 1. The
diffusion layer thickness was calculated by Eq. (4), i.e., assumed to be the same as that on a flat surface.
The pore radius was taken as the geometric mean of the pore size range considered. It is shown that
the electroactive to geometric surface area ratios decrease with increasing diffusion layer thickness to
pore radius ratio, or normalised diffusion layer thickness (6/R). Similar trends are observed for both
peak current and peak charge cases.

10



25 -
5
2,15(1 _E)
2.0 - - - 13002419
15}
o
f; 1.0
< |
05+
00 1 1 |
0.0 0.2 0.4 0.6 0.8
b /R
3.0 -
5 2
e 2.75 (1 _E)
| - - - 165(1-2+3:()?)
20+
o
1.5
<
5|
1.0F -- I )
S——s_ N
L ""' -
05F
00 1 1 |
0.0 0.2 0.4 0.6 0.8
/R

Fig. 5 Ratios of electroactive to geometric surface areas (a) A/Ac and (b) Ag/Ac as a function of
normalised diffusion layer thickness, J/R. (Ai: electroactive surface area measured by the peak current
method, Aq: electroactive surface area measured by the peak charge method, As: geometric surface
area, o: diffusion layer thickness and R: pore radius)

To understand how diffusion layer thickness affects the electroactive to geometric surface area ratios,
let us consider a perfectly spherical and smooth pore with a radius of R, and a diffusion layer inside
the pore with a thickness of ¢, as shown schematically in Fig. 6. Assuming that the pore is isolated
and not interconnected to other pores, the geometric surface area of the pore is simply the surface area
of the sphere, A;' = 4mR?. Two idealised models, semi-infinite and thin-layer diffusion models, can
be developed to estimate the electroactive surface area.
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Pore wall

Fig. 6 Schematic diagram showing the diffusion layer inside a spherical pore.

In the semi-infinite diffusion model, the diffusion layer is considered to be much smaller than the pore
radius and account for a small proportion of the electrolyte reservoir, so that the concentration of the
reaction species in the electrolyte beyond the diffusion layer remains a constant during the
measurement. The electroactive surface area of the spherical pore, A;’, can be considered as the
surface area of the inner contour of the diffusion layer [15], which can be calculated by:

! li ! 6
Ag' = Ap' =4n(R -6 =A;'(1 - ;)2 (6)

In the thin-layer diffusion model, the diffusion layer is considered to be comparable to the pore radius
and account for a large part or whole of the electrolyte reservoir. The electroactive surface area can be
determined from the amount of reactant consumed, which can be calculated from the concentration of
the reactant in the diffusion layer and the volume of the diffusion layer. Assuming that the mean
concentration of the reactant in the diffusion layer is half of the concentration outside the diffusion
layer (which is true for a large flat electrode and approximately true for an electrode with a small
curvature), the total consumption of charge, or peak charge for the spherical pore, Q;, can be estimated
by:
2

Qt=§nﬂ§m3—§ﬂR—af]=§mma;h—§+§@)] )
Given the specific charge equivalent in Eqg. (5), the electroactive specific surface area of the pore can
be determined by:

ro @ g[8 108
AE—QW—AGP R+3Q)] (8)

Egs. (7) and (8) cannot be applied directly to the porous Ni, because they are developed for isolated
spherical and smooth pores. However, the ratio between the electroactive and geometric areas of
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porous Ni is expected to be a function of the normalised diffusion layer thickness alone and can still
be expressed in the forms of Egs. (7) and (8), if some simple corrections are applied. Considering that
the ratio between the electroactive and geometric areas is equal to the ratio between their volumetric
counterparts, the semi-infinite model for porous Ni can be expressed as:

Ae _ Ap' _ _ 92

ypimbyeria) G-y (9)
and the thin-layer model as:

A _Aw _ ol 8,108

E—A—G,—T[l R+3(R)] (10)

where S and T are constants dependent on the structures of the porous Ni samples and the measurement
methods.

Fig. 5 shows that the experimental data for the volumetric electroactive-geometric area ratios, Ai/Ac
and Ao/Ag, fit well with either Eq. (9) or (10) with the introduction of correcting factors S, = 2.15, Sq
=2.75, T)=1.30 and T = 1.65, where the subscripts | and Q denote the peak current and peak charge
methods respectively. The transition occurs at a normalised diffusion layer thickness 6/R = 0.35 for
both the peak current and peak charge measurements. In other words, when the diffusion layer is
thinner than about one-third of the pore radius, semi-infinite diffusion is dominant and the semi-
infinite model works well. When the diffusion layer is thicker than one-third of the pore radius, thin-
layer diffusion becomes important and the thin-layer model can be used to describe the electroactive
surface area.

3.3 Contributions from surface roughness and secondary pores

The correcting factors (S), S, T) and Tg) reflect the differences between the measured electroactive
surface area of a real porous structure and the theoretical electroactive surface area for an idealised
porous structure with spherical and smooth pores. They are therefore useful indicators of the pore
surface conditions, including pore sphericity, surface roughness, secondary porosity and inter-
connectivity between the pores. Because pore sphericity and inter-pore connecting channels equally
affect both geometric and electroactive surface areas, the correcting factors are good indicators of the
surface roughness and secondary porosity and their contributions to the electroactive surface area.

As discussed previously, the electroactive surface area measured by the CV peak current method, A,
is mainly the surface area of the primary pores. The correcting factor for the peak current method, S,
is accordingly the ratio between the electroactive and geometric areas of the primary pores when the
diffusion layer thickness approaches zero. Therefore, S; provides a direct measurement of the surface
roughness and is effectively surface roughness. An S, value of 2.15 indicates that the maximum
electroactive surface area is 2.15 times of the geometric surface area for the porous Ni samples. This
agrees with the surface morphology of the porous Ni samples produced by a sintering process. A pore
surface formed by the sintering of numerous small metal particles is composed of many half particles
close to semi-spheres, each of which has a surface area approximately twice the cross-sectional area.
As the former represents the electroactive surface area and the latter signifies the geometric surface
area, the ratio between the electroactive and geometric surface areas is expected to be close to two.

The earlier discussion also explained that the electroactive surface area measured by the CV peak
charge method, A, includes the contributions from both primary and secondary pores. The difference
between Sq and S, characterises the difference between Aq and A, when the diffusion layer thickness
approaches zero and is therefore a good quantitative indicator of the contribution of secondary pores
to the electroactive surface area. The relative contribution of secondary pores, or the ratio between the
secondary and primary porosity contributions, can be conveniently determined by:

n=(3-1) (12)
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For the porous Ni samples produced by the LCS process, the ratio between the secondary and primary
porosity contributions is n = 0.28. In other words, the contribution of secondary porosity to the
electroactive surface area is 28% of the contribution of the primary porosity. It demonstrates that the
secondary porosity contribution is significant and cannot be neglected.

It should be noted that the correcting factor for the thin-layer model by the peak current method, T,
cannot be directly used to describe surface roughness. This is because the thin-layer condition is only
applicable to low scan rates or small pores and cannot be extended to the ideal case when diffusion
layer thickness approaches zero. However, it is interesting to observe that, for the LCS porous Ni
samples, To/T) = So/S.. It means that the correcting factors for the thin-layer model, Tq and T, are also
directly related to the pore surface conditions and the ratio between Tq and T, is also an indicator of
the relative contribution of secondary porosity to electroactive surface area, .

3.4 Behaviours of different types of porous Ni

Although the relation between the normalised area and normalised diffusion layer thickness, as shown
in Fig. 5, can be used to differentiate semi-infinite diffusion and thin-layer diffusion, a more direct and
intuitive way to reveal the nature of the diffusion regime is to examine the relation between peak
current and scan rate. If the slope of the logarithmic current-scan rate curve is 0.5, i.e., the peak current
is proportional to the square root of scan rate, the electrochemical reaction is controlled by semi-
infinite diffusion. If the slope of the logarithmic current-scan rate curve is 1, then the reaction is
controlled by perfect thin-layer diffusion [12, 16].

Fig. 7 shows the relations between volumetric peak current and scan rate in logarithmic scale for the
three types of porous Ni samples. The volumetric peak current, which is the peak current divided by
the volume of the porous Ni sample, is used here to facilitate comparison. The logarithmic current-
scan rate curve for the LCS Ni sample, with a porosity of 0.72 and a pore size of 425-710 um, shows
two linear segments. At high scan rates (thin diffusion layer), the slope of the line is 0.5 and semi-
infinite diffusion predominates. At low scan rates (thick diffusion layer), the slope of the line changes
to 0.85, entering a partial thin-layer diffusion regime. The current-scan rate curve for the porous Ni
sample manufactured by electrodeposition has a slope of 0.5, indicating semi-infinite diffusion control
in the full range of scan rates studied. The current-scan rate curve for the porous Ni sample
manufactured by loose sintering has a slope of 0.85 in the full range of scan rates studied. This is the
same value as that of the LCS sample at low scan rates, indicating partial thin-layer diffusion.
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Fig. 7 Logarithmic relations between volumetric peak current and scan rate for different types of
porous Ni samples.

The different behaviours among the three types of porous Ni samples are due to their different
microstructures (Fig. 1). The porous structure produced by the electrodeposition process is a network
of thin struts with high porosity. It can be regarded as composed of large pores, or small normalised
diffusion layer thickness, 6/R. As a consequence, semi-infinite diffusion predominates. On the contrary,
the porous structure produced by the loose sintering process consists of many small pores relative to
the diffusion layer, or large 6/R. Thin-layer diffusion is the predominant condition. The porous
structure of the LCS sample has intermediate pore sizes. The normalised diffusion layer thickness, /R,
can be small or large, depending on the scan rate. As a result, either semi-infinite or partial thin-layer
diffusion can be in operation.

It is evident from Fig. 4 that the LCS and loose sintered porous Ni samples have the same ratio of Ag
to A at the same scan rate, indicating similar secondary porosity contribution to the electroactive
surface area. This is somewhat expected as they are both produced by sintering and have similar
microstructural characteristics. The only difference lies in the different pore size and porosity. The
ratio of Ag to A, for the porous Ni sample produced by electrodeposition, however, is clearly lower
than that of the LCS and loose sintered porous Ni samples at the same scan rate. In fact, Ag is greater
than A by only 2-5%. It means that the porous Ni sample produced by electrodeposition has less
secondary porosity contribution to the electroactive surface area than the LCS and loose sintered
porous Ni samples. Again, this is not a surprise as the deposition process produces metal struts with
much less internal voids than a sintered metal.
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4. Conclusions:

The CV peak current and peak charge methods were employed to measure the electroactive surface
area of porous Ni. The two methods measure the electroactive surface areas at different length scales.
The peak current method measures the contributions from primary pores, while the peak charge
method measures the contributions from both primary and secondary pores. Combining the two
methods provides a technique to determine the pore surface roughness and the relative contribution of
secondary porosity to electroactive surface area.

The ratio of electroactive surface area to geometric surface area decreases with normalised diffusion
layer thickness. The relation follows the semi-infinite model at low normalised diffusion layer
thicknesses (<0.35) and the thin-layer model at high normalised diffusion layer thicknesses (>0.35).
The correcting factor obtained from the semi-infinite model for the peak current method, S, provides
a direct measurement of pore surface roughness. The porous Ni samples produced by the LCS process
have a surface roughness of 2.15. The ratio between the correcting factors obtained from the semi-
infinite model for the peak charge and peak current methods, So/Si, can be used to quantify the
contribution of secondary porosity to the electroactive surface area. The relative contributions of
secondary porosity are 0.14, 0.22 and 0.30 for the porous Ni samples produced by LCS and loose
sintering, and 0.02, 0.03 and 0.04 for the porous Ni sample produced by electrodeposition, at the scan
rates of 0.005, 0.01 and 0.05 V/s, respectively.
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